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Abstract 
An overview of the High-Perform ance Corrosion -Resistant Materia ls (HPCRM) 

Program, which was co-sponsored by the D efense Advanced Research P rojects Agency 
(DARPA) Defense Scien ces Office (DSO) and th e United S tates Department of Ene rgy (DOE) 
Office of Civilian and R adioactive Waste Mana gement (OCRWM), is discussed. Programm atic 
investigations have included a broad range of topics: alloy de sign and com position; m aterials 
synthesis; thermal stability; corrosion resistance; environmental cracking; mechanical properties; 
damage tolerance; radiation effects; and important potential applications.   

Amorphous alloys identif ied as SAM2X5 (Fe 49.7Cr17.7Mn1.9Mo7.4W1.6B15.2C3.8Si2.4) and 
SAM1651 (Fe 48Mo14Cr15Y2C15B6) have been produced as m elt-spun ribbons, drop-cast ingots 
and therm al-spray coatings. Chromium  (Cr), molybdenum (Mo) and tungsten (W ) additio ns 
provided corrosion resistance, wh ile boron (B) enabled glass form ation. Earlier electrochem ical 
studies of m elt-spun ribbons and ingots of thes e am orphous alloys demonstrated outstanding 
passive film stability. More recently thermal-spray coatings of these amorphous alloys have been 
made and s ubjected to long-term  s alt-fog and immersion tests. Good corrosion resistance has 
been observed during salt-fog testing. Corrosion rates were m easured in situ with linear 
polarization, while sim ultaneously monitoring the open-circuit corrosion potentials. Reasonably 
good perform ance wa s observed. The sensitivity of these m easurements to electrolyte 
composition and temperature was determined. 

The high boron content of this  particular amorphous metal make this amorphous alloy an 
effective ne utron abso rber, and su itable f or c riticality co ntrol applic ations. In g eneral, the  
corrosion resistance of these iron-based am orphous metals is maintained at operating 
temperatures up to the glass trans ition tem perature. Thes e m aterials are m uch harder th an 
conventional stainless steel and ni ckel-based materials, and are pr oving to have excellent wear 
properties, sufficient to warrant their use in earth excavation, drilling and tunnel boring 
applications. The observed corrosion resistance may enable applications of i mportance in 
industries such as: oil and gas production, re fining, nuclear power ge neration, shipping, and 
others. Larg e areas h ave been  successfully coat ed with th ese m aterials, with thic knesses of  
approximately one centimeter.  
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Introduction 

The possibility of achieving outstandi ng corrosion with a morphous m etals was 
recognized several years ago [1-3]. Com positions of several iron-b ased amorphous metals were 
published, including several with very good corrosion re sistance. Examples included: therm ally 
sprayed coatings of Fe-10Cr- 10-Mo-(C,B), bulk  Fe-Cr-Mo -C-B, and Fe-Cr-Mo -C-B-P [4-6]. 
The corrosion resistance of an iron-based am orphous alloy with yttrium  (Y), 
Fe48Mo14Cr15Y2C15B6 was also b een established [7-9]. Yttrium was added to th is alloy to lower 
the critical cooling rate. Seve ral nickel-based am orphous m etals have been developed that 
exhibit exceptional corrosion perform ance in acids , but were not included in this study, which 
was restricted to Fe-based m aterials. Very  good therm al spray coatings of nickel-based 
crystalline coatings have been deposited with thermal spray, but appeared to have less corrosion 
resistance than nickel-based amorphous metals [10]. 

As pointed out in the literatu re, an estimate of the relative pitting re sistance of alloys can 
be made using the pittin g resistance equivalence number (PREN), which is ca lculated using the  
elemental composition of the allo y [11-16]. PREN values f or the Fe-based amorphous metals of 
interest here, and the crystalline reference materials, which include Type 316L stainless steel and 
Ni-based Alloy C-22, were calculated using the following equations. Equation 1 was been used 
for estimating the PRE N for nickel-based alloy s, and accounts for the bene ficial effects of Cr , 
Mo, W and N on corrosion resistance [13]. 
 

][%30]%[%3.3][% NWMoCrPREN     (1) 
 
This equation was also used to predict com parable corrosion resistance for Alloys C-276 and 
Alloy C-22, while Alloy C-22 was known to be m ore corrosion resistant. An equation that has 
been used to m ake reasonable predictions of th e relative corros ion resis tance o f austenitic 
stainless steels and nickel-based alloys such as Alloy C-22 is [14]. 
 

  ][%][%5.0][%3.3][% NkWMoCrPREN    (2) 
 
The factor k is an adjustable parameter used to account  for the beneficial effects of nitrogen. 
Reasonable values of the factor k range from 12.8 to 30, with 16 being accepted as a reasonab le 
value [15]. Estimates used to guide this alloy development were based on the assumption that the 
value of k is 16. PREN values calcul ated with Equation 2 indica ted th at th e resistance of th e 
SAM2X5 a nd SAM1651 am orphous m etal formulations  should be more resistant to localized 
corrosion than Type 316L stainless steel or nickel-based Alloy C-22. As in the case of crystalline 
Fe-based and Ni-based alloys,  it was found exp erimentally that the ad dition of Cr, Mo, and W  
substantially increased the corr osion resistance of these amorphous alloys. Additional passive  
film stability may have been observed, which cannot be attributed to composition alone, and may 
be attributable to the glassy structure. Additio nal work is required to  further understand th e 
relative roles of com position a nd crystalline structure in hi gh-performance am orphous m etal 
coatings, such as the ones discussed here. An obvious deficiency associat ed with the use of a 
parameter b ased on  che mical com position a lone to asse ss the rela tive corros ion re sistance of  
both crystalline and am orphous alloys is that m icrostructure effects on passive film  breakdown 
are ignored, though the lack of crys talline structure is believed to be a key attribute of corrosion 
resistant amorphous metals. 
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The High-Performance Corrosion-Resistant Materials (HPCRM) Program has developed 
a family of iron-based amorphous metals with very good corrosion resistance that can be applied 
as a p rotective the rmal spray co ating. Severa l p romising f ormulations within  th is a lloy f amily 
were form ed by additio n chrom ium (Cr),  m olybdenum (Mo), and tungsten (W ) for enhanced 
corrosion resistance, and boron (B) to enab le g lass form ation and neutron absorption.  
Compositions explo red during  th is study  inc lude: SAM35 (Fe 54.5Mn2Cr15Mo2W1.5B16C4Si5); 
SAM40 (Fe52.3Mn2Cr19Mo2.5W1.7B16C4Si2.5); SAM2X5 (Fe 49.7Cr17.7Mn1.9Mo7.4W1.6B15.2C3.8Si2.4); 
SAM6 (Fe 43Cr16Mo16B5C10P10); SAM7 or SAM1651 (Fe 48Mo14Cr15Y2C15B6); an d SAM10 
(Fe57.3Cr21.4Mo2.6W1.8B16.9). The parent alloys for preparing this series of a morphous alloys is 
known as SAM40 (Fe 52.3Cr19Mn2Mo2.5W1.7B16C4Si2.5) and was originally developed by 
Branagan [17-18]. Examples of amorphous alloy compositions are given in Table 1. 

Compositions with h igh concentra tion of  bor on and goo d corro sion res istance, such 
SAM2X5 and SAM1651, m ay have beneficial for a pplications such as the long-term  storage of 
spent nuclear fuel with enhanced criticality safe ty [19-22]. In regard to such high temperature 
applications, it has been shown that the co rrosion resistance of such iron-based am orphous 
metals is maintained at operating temperatures up to the glass transition temperature [19-20]. The 
upper operating tem perature for such m aterials is believed to be about 570°C (T g  579°C). 
Above the crystalli zation temperature (T x  628°C), deleterious crys talline phases form ed, and 
the corrosion resistance was lost. 

 
Experimental Studies 

Melt Spun Ribbons 

Maximum cooling rates of one million Kelvin p er second (1 06 K/s) have been achieved 
with melt spinning, which is an ideal process for producing amorphous metals over a very broad 
range of compositions. This process was used to synthesize com pletely a morphous, Fe-based, 
corrosion-resistant alloys with near theoretical density, and thereby enabled the effects of coating 
morphology on corrosio n resistance to be separate d from the effects of elem ental composition. 
The melt-spun ribbon (MSR) sam ples produced with this equipment were several m eters long,  
several millimeters wide and approximately 150 microns thick. 

Thermal Spray Coatings                

The coatings discussed here were m ade with the high-velocity oxy-fuel (HVOF) process, 
which involves a com bustion flame, and is character ized by gas and particle  velocities that are 
three to four tim es the speed of sound (m ach 3 to  4). This p rocess is ideal for depositing m etal 
and cermet coatings, which have typical bond strengths of 5,000 to 10,000 pounds per square  
inch (5-10 ksi), porosities of less than one percent (< 1%) and extreme hardness. The cooling rate 
that can be achieved in a typical  thermal spray process such as  HVOF are on the order of ten 
thousand Kelvin per second (104 K/s), and are high enough to enable many alloy compositions to 
be deposited above their respectiv e critical cooling rate, thereby maintaining the vitreous state. 
However, the range of amorphous metal compositions that can be processed with HVOF is more 
restricted th an those th at can be produced w ith m elt sp inning, due  to the dif ferences in  
achievable cooling rates. Both kerosene and hydr ogen have been investigated as fuels in the 
HVOF process used to deposit SAM2X5 and SAM1651. 
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Prototypical Thermal Spray Coatings 

Type 316L stainless-steel cylinders were coat ed with SAM2X5, and served as half-scale 
models of containers for the storage of spent nuclear fuel. SAM2X5-coated cylind ers and plates 
were subje cted to e ight (8) f ull cyc les in the G M salt fog test (F igure 1). The m aterials were 
developed by the program  described in this pa per, with the powders produced by Carpenter 
Powder Products of Pittsburgh, PA, and applie d with HVOF by Caterpilla r in Peoria, IL. The 
results of salt-fog testin g will be discussed in a subsequent s ection of this pape r. A prototypical 
half-scale, half-length basket assembly, sized to fit inside the half-scale container, is also shown 
(Figure 2). In this case, the powders were pr oduced by The NanoSteel Com pany of Idaho Falls, 
ID, and applied by Plasma Technology Incorporated of Torrance, CA. 

 

   
Figure 1 – High-velocity oxy-fuel process at Caterpillar used to coat half-scale containers with 
SAM1651 amorphous metal [Beardsley et al. 2006]. 

 

   
Figure 2 – Prototypical half-scale half-length basket assembly, sized to fit inside the half-scale 
containers: (a) after fabrication by water-jet cutting; and (b) after coating with SAM2X5 [Choi 
et al. 2006]. Those persons shown in the photgraph are Andy D’Amato of Plasma Technology 
Incorporated, Joe Buffa of The NanoSteel Company, and Chuck Lee and Jor-Shan Choi of 
Lawrence Livermore National Laboratory. 
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X-Ray Diffraction 

The basic theory for X-ray diffraction (XRD ) of am orphous materials is well developed 
and h as been p ublished i n t he l iterature [ 23-24]. In an amorphous material, there a re b road 
diffraction peaks. During this study, XRD was done with CuK  X-rays, graphite analyzing 
crystal, and  a Philips v ertical gon iometer, us ing the Bragg-Bretano m ethod. The X-ray optics 
were self -focusing, and the dis tance between th e X-ray f ocal poin t to  the sam ple position  was 
equal to the distan ce between the sa mple position and the receiving slit for the reflection m ode. 
Thus, the intensity and resolution was optimized. Parallel vertical slits were added to improve the 
scattering signal. Step scanning was perform ed from 20 to 90 (2) with a step size of 0.02 at 4 
to 10 seconds per point, depending on the am ount of sample. The samples were loaded into low-
quartz holder since the expected intensity was very low, thus requiring that the background 
scattering be m inimized. X-ray diffraction (X RD) of Fe-based am orphous-metal m elt-spun 
ribbon (MSR) samples is given as F igure 3 [C. K. Saw et al. 2006]. Thes e data show amorphous 
structure, with the a bsence of  crysta lline phases kno wn to be detr imental to corros ion 
performance. 
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Figure 3 – XRD of Fe-based amorphous-metal MSR samples shows amorphous structure, with 
the absence of crystalline phases known to be detrimental to corrosion performance [C. K. Saw 
et al.2006] 

 
A wide variety of standardized coating sam ples were m ade for corrosio n testing (Figure  

4). Samples of the powders used ar e in the bottles at the top. Crevice samples with a bolt hole in 
the center are shown on the left. Alloy C-22 rods  coated with SAM2X5 and SAM1651 used to 
monitor op en-circuit c orrosion potentials and  corros ion rates,  as d etermined with lin ear 
polarization, are shown on the righ t. Weight loss sam ples used for long-term  immersion testing 
are shown in the front center. U ltra-thick (~ 0.75 cm ) coatings ar e also shown, slightly to th e 
right of center. 
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X-ray diffraction (XRD) measurements of SAM2X5 powder (Lot # 06-015) and therm al-
spray coatings m ade by depositing that powde r on Alloy C-22 and Type  316L stainless steel 
substrates were made and are shown Figure 5. In regard to the thermal-spray coatings, the broad 
halo observed at 2 ~ 44 indicated that the coating was predominately amorphous, and the small 
sharp peaks are attributed to the presence of minor crystalline phases. These phases are believed 
to inc lude Cr 2B, WC, M 23C6 and bcc ferrite, which are known to  have a detr imental ef fect on 
corrosion performance. These poten tially deleterious pr ecipitates deplete th e amorphous matrix 
of those alloying elements, such as chromium, responsible for enhanced passivity. Coatings with 
less residual crystalline phase have been observed. 

 

 
 

Figure 4 – Samples of amorphous-metal HVOF coatings used for long-term corrosion testing. 
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Figure 5 – X-ray diffraction data for amorphous SAM2X5 powder (left) and coating produced 
from that powder (right). Corrosion performance depends upon the amorphous nature of the 
material, and is compromised by the presence of Cr2B, WC, M23C6 and bcc ferrite [C. K. Saw et 
al. 2006]. 
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Thermal Analysis 

The thermal properties of these Fe-based am orphous metals have al so been determined 
by Perepezko et al. [19].  Thermal analysis of these Fe-based amorphous metals, with differential 
scanning calorim etry (DSC) or differential therm al analysis (DTA), allowed dete rmination of 
important therm al properties such  as the g lass tr ansition tem perature (T g), cr ystallization 
temperature (T x), and the m elting point (T m). Results f rom the therm al ana lysis of  amorphous 
samples provided initial assessm ent of the glas s forming ability of these m aterials based upon 
conventional metrics, such as the reduced glass transition temperature (Trg = Tg/TL). 

The yttrium-containing SAM1651 form ulation has a glass transiti on tem perature of 
~584C, a crystallizatio n tem perature of ~653 C, a m elting point of ~1121 C, and a reduced 
glass transition temperature of ~0.55. The critical cooling rate of SAM1651 has been determ ined 
to be  80 K per second, which is significantly less than o ther corrosion-resistant iron-based 
amorphous metals such as SAM2X5. Clearly, th e yttrium additions in SAM1651 enhance glass -
forming ability of these materials [19]. 

The therm al proper ties of  f or the SAM2X-seri es alloys are summ arized in Tab le 1. 
SAM2X5 (Fe49.7Cr17.7Mn1.9Mo7.4W1.6B15.2C3.8Si2.4) has a glass transition tem perature of ~579C, 
a crystallization tem perature of ~628 C, a m elting point of ~1133 C, and a red uced glas s 
transition temperature o f ~0 .57. SAM2X7 has a glass tr ansition temperature of ~573 C, a  
crystallization temperature of ~630C, a melting point of ~1137C, and a reduced glass transition 
temperature of 0.57. As the Mo additions to SA M40 were increased from 1 to 7 atom ic percent, 
the crystallization tem perature increased from  ~620 to ~630 C, and the m elting point increase d 
from 1110 to 1137 C. Other trend s with composition  we re less obvious. The critical coolin g 
rates for these alloys have been determined to be ~610 Kelvin per second [20]. 

 

Table 1 – Thermal properties of SAM40 parent alloy, SAM2X-series of alloys, and SAM1651 
[Perepezko et al. 2005] 

Alloy Tg (°C) Tx (°C) Tm (°C) TL (°C) Trg 

SAM40 568-574 623 1110 1338 0.53
SAM2X1 575 620 1124 1190-1210 0.57
SAM2X3 578 626 1131 1190-1210 0.57
SAM2X5 579 628 1133 1190-1210 0.57
SAM2X7 573 630 1137 1190-1210 0.57
SAM1651 584 653 1121 1290 0.55  
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Cyclic Polarization 

The resistance to localized corrosion is quantified through m easurement of the open-
circuit co rrosion poten tial ( Ecorr), the breakdown or critical pote ntial ( Ecritical), and the 
repassivation potential (Erp). Spontaneous breakdown of the pa ssive film and localized corrosion 
require that the open-circuit corrosion potential exceed the critical potential: 

 

criticalcorr EE        (2) 

The greater the differen ce between the open-circuit corrosion poten tial and the cr itical potential 
(E), the m ore res istant a m aterial is to m odes of localized  corros ion such pitting and crevice 
corrosion. In integrated corrosion mode ls, general corrosion is invoked when Ecorr is less tha n 
Ecritical (Ecorr < Ecritical), and localized corrosion is invoked when Ecorr exceeds Ecritical. Measured 
values of the repass ivation potential ( Erp) are so metimes used as conservative estimates of the 
critical potential (Ecritical) [25]. 

Various ba ses exist f or determ ining the  c ritical pote ntial f rom elec trochemical 
measurements. The breakdown or cr itical potential has been defined as th e potential where the 
passive current dens ity increases to a leve l between 1 to 10 A/cm2 (10-6 to 10 -5 A/cm2) while 
increasing potential in the positiv e (anodic) directing duri ng cyclic polarization or potential-step 
testing. The repassivation potenti al has been defined as the pot ential where the  current density 
drops to a level indicative of passivity, which has been assumed to be between 0.1 to 1.0 A/cm2 

(10-6 to 10 -7 A/cm2), while decreas ing potential from  the maximum level reached during cyclic 
polarization or potential-step te sting [25-26].  An alternate de finition of the repassivation 
potential is: the potential during cyclic polar ization where the forward and reverse scan s 
intersect, a point where the m easured current d ensity du ring the revers e scan d rops to a lev el 
known to be indicative of passivity. 

Cyclic pola rization (CP ) m easurements wa s based on a procedure similar to ASTM 
(American Society for Testing and Materials ) G- 5 and other sim ilar sta ndards, with sligh t 
modification [27]. The ASTM G- 5 standard calls for a 1N H 2SO4 electrolyte, whereas syn thetic 
bicarbonate, sulfate-ch loride, chlo ride-nitrate, and chloride-nitrate solutions, with sodium,  
potassium and calcium cations, as well as natu ral seawater were used for this inves tigation. The 
natural seawater used in these tests was obt ained directly from  Half Moon Bay along the 
northern coast of California. Furthermore, the ASTM G-5 standard calls for the use of de-aerated 
solutions, whereas aerated and de-aerated solutions were used here. In regard to current densities 
believed to be indicative of pa ssivity, all d ata was inte rpreted in a m anner cons istent with th e 
published literature. 

Temperature-controlled borosilicate glass (P yrex) electroch emical cells  were used for 
cyclic polarization and  other s imilar electr ochemical m easurements. This cell had three 
electrodes, a working electrode (test specimen), a reference electrode, and a counter electrode. A 
standard silver s ilver-chloride electrode, filled with near-saturation pota ssium chloride solution, 
was used as the reference, and communicated with  the test solution via a Luggin probe placed in 
close proximity to the working electrode, whic h minimized Ohmic losses. The electroch emical 
cell was eq uipped with  a water-co oled junc tion to m aintain ref erence electrode a t am bient 
temperature, which ther eby m aintained integ rity of the potential m easurement, and a water-
cooled condenser, which prevented the loss of volatile species from the electrolyte. 
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 Cyclic polarization (CP) da ta for three Fe-based am orphous-metal MSR sam ples in 5M 
CaCl2 at 105C, including SAM27, SAM2X5, and SAM40, are given in Figure 6. The SAM2X5 
has enhanced Mo concentration. MSR sa mples with higher Mo content have superior corrosion 
performance. A com parison of differences betw een the o bserved r epassivation p otential and 
corrosion potential for MSR sa mples of Fe-based am orphous m etal in 5M CaCl 2 at 105 C is 
given in Figure 7. Data for ot her alloys and non-MSR am orphous metal samples are provided in 
these figures for comparison.  
 CP data for two wrought Alloy C-22 samples and a SAM2X7 MSR in natural seawater at 
30C is shown in Figure 8. In general, the m easured current densities for the SAM2X series of  
iron-based am orphous-metal m elt-spun ribbons we re less than those m easured for wrought 
samples of Alloy C-22, indicating better pa ssivity of the am orphous m etals. The anodic 
oxidation peaks for SAM2X7 (see previous figure) and Alloy C-22 are believe d to be due to the 
oxidation of molybdenum. 
 CP data for  two wroug ht Alloy C-22 sa mples, and an as-sprayed HVOF coating of 
SAM2X5, which was deposited on a Type 316L stainl ess steel substrate, in natural seawater at 
90C is shown in Figure 9. In general, the measured current density for the iron-based 
amorphous-metal thermal-spray coating in heated  seawater was less than those m easured for 
wrought samples of Alloy C-22, i ndicating better passivity of HV OF SAM2X5 coa ting in this 
particular environment. The distinct anodic oxi dation peaks for Alloy C-22, and the faint peak 
for the SAM2X5 therm al spray coating, are a ll be lieved to be du e to the o xidation of 
molybdenum. 

 
Alloying Effect on Corrosion Resistance of MSR Samples in 5M CaCl2 at 105°C
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Figure 6 – CP of three Fe-based amorphous-metal MSR samples in 5M CaCl2 at 105C: SAM27, 
SAM2X5, and SAM40. The SAM2X5 has enhanced Mo concentration. MSR samples with higher 
Mo content have superior corrosion performance. [Farmer et al. 2005]  
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Ranked Resistance of MSR Samples to 
Localized Attack in 5M CaCl2 at 105°C
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Figure 7 – Comparison of differences between the observed repassivation potential and 
corrosion potential for MSR samples of Fe-based amorphous metal in 5M CaCl2 at 105C, 
deduced from cyclic polarization data. Other alloys and non-MSR amorphous metal samples are 
provided for comparison [Farmer et al. 2004]. 
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Figure 8 – This figure shows potential-current data for two wrought Alloy C-22 samples and a 
SAM2X7 MSR in natural seawater at 30C [Farmer et al. 2005]. 
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Figure 9 – This figure shows potential-current data for two wrought Alloy C-22 samples, and an 
as-sprayed HVOF coating of SAM2X5, which was deposited on a Type 316L stainless steel 
substrate, in natural seawater at 90C [Farmer et al. 2006].  
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Potential Step Testing 

 Potential-step testing has been perf ormed on wrought Alloy C-22 (reference m aterial); 
fully dense and com pletely am orphous m elt spun ribbons of SAM2X5; optim ized HVOF 
coatings produced with 53/+30 micron powders of SAM2X5; and optimized HVOF coatings 
produced with 30/+15 micron powders of SAM2X5. It ha s been found that coatings produced 
with SAM2X5 powders below a critical size are fully dense and are completely amorphous [28]. 
The coatings produced with finer powders are therefore expected to have lower porosity and less 
residual crystalline phases present than those p roduced with larger particles. All were tes ted in 
natural seawater heated to 90 C. To elim inate the need for s urface roughness corrections in th e 
conversion of m easured current and electrode  area to current density, the SAM2X5 and 
SAM1651 coatings were polished to  a 600-grit finish prior to test ing. A constant potential was  
applied after 1 hour at the open ci rcuit corrosion potential (OCP). An asymptotic current density 
was then reached after 24 hours at the corresponding potential.  

Potential step testing enabled a clear and unambiguous determ ination of the threshold 
potentials for passive film  breakdown in a non-cr eviced c ondition. First,  it was c lear tha t the 
passive film on wrought Alloy C-22 comm enced breakdown at a potential of approxim ately 200 
mV relative to a standard Ag/AgCl reference electrode (approximately 600 m V above the open 
circuit corrosion potential), and had the least corrosion resistance of any sample evaluated during 
this test. Passive film  breakdown on the SA M2X5 m elt-spun ribbon did not occur until a 
potential in excess of 1200 m V verses Ag/A gCl (1400 mV above OCP) was applied.  
Furthermore, the observed passive current density observed with this sample was extremely low. 
Both HVOF coatings of SAM2X5 (large and small powde r sizes) also exhibited outstanding 
passive film stability, superior to tha t of the reference material. The pass ive film on the coatin g 
produced with 30/+15 m icron powder rem ained intact until app lication of 1000 m V verses 
Ag/AgCl (1200 mV above OCP), with a current dens ity well within the passive range of several 
micro amps per square centim eter. Similar observations were made with the coating produced 
with 53/+30 m icron powders. Surprisi ngly, the differences in m orphology did not appear to 
have a significant impact on corrosion resistance in this case. 
 Figures 10 and 11 show m easured transients in curren t d ensity at a  constan t ap plied 
potentials of 900 and 1100 m V verses OCP for severa l different materials in natural seawater at 
90C. The materials compared in these figures include wrought Alloy C-22 (reference m aterial), 
a fully dense and com pletely amorphous melt-spun ribbon (MSR) of SAM2X5, HVOF coatings  
produced w ith 53/+30 m icron powders of SAM2X5, and HVOF c oatings produced with 
30/+15 m icron powders of SAM2X5. The pa ssive film  on the m elt spun ribbon and HVOF  
coatings of SAM2X5 was more stable than that on wrought nickel-based Alloy C-22 under these 
conditions, leading to the conc lusion that this iron-based amorphous m etal had superior 
corrosion resistance. 
 Transients in current density  at a constant applied poten tial of 900 mV verses OCP for  
wrought Alloy C-22 (reference m aterial), a fu lly dense and com pletely a morphous MSR of 
SAM2X5, HVOF coatings produced with 53/+30 m icron powders of SAM2X5, and HVOF 
coatings produced with 30/+15 micron powders of SAM2X5, all in natural seawater h eated to 
90C, are compared in Figure 10. The HVOF coating prepared with relatively fine (30/+15 m) 
SAM2X5 powder had a tem porary loss of  passivity at 5 104 seconds, but underwent 
repassivation at 5104 seconds. In contrast, the coating prod uced with the standard HVOF cut of 
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powder ( 53/+30 m) appeared to be com pletely st able, as does the m elt-spun ribbon. The 
differences in the corrosion resistance of the SA M2X5 coatings produced with relatively coarse 
(53/+30 m) and relatively fine ( 30/+15 m) powders is not well understood, but m ay be 
related to differences in surface area. The passive film  on the m elt spun ribbon and HVOF 
coatings of SAM2X5 was more stable than that on wrought nickel-based Alloy C-22 under these 
conditions, leading to the conc lusion that this iron-based amorphous m etal had superior 
corrosion resistance. It should al so be noted that the periodic current fluctuations observed 
during testing of Alloy C-22 are real, and may be indicative of the onset of localized corrosion. 
 Transients in current density  at a constant applied poten tial of 1100 mV verses OCP for 
wrought Alloy C-22 (reference m aterial), a fu lly dense and com pletely a morphous MSR of 
SAM2X5, HVOF coatings produced with 53/+30 m icron powders of SAM2X5, and HVOF 
coatings produced with 30/+15 micron powders of SAM2X5, all in natural seawater h eated to 
90C, are compared in Figure 11. In this case, th e passivity of Alloy C-22 was com pletely lost, 
with a dram atic increase in the observed cu rrent density to levels between 80 and 90 A/cm2, 
with dram atic attack of  the Alloy C-22. A significant d ifference was observed between th e 
corrosion resistance of HVOF SAM2X5 coatings produced with coarse ( 53/+30 m) and fine  
(30/+15 m) powders, with the standard coarse powder having better performance. The coating 
produced w ith the finer powder ( 30/+15 m) did not exhibit good passivity, defined as a 
current den sity les s th an approx imately 5 A/cm2, until 2 104 second s, with  fluctuations in 
current density that m ay be indicative of local ized corrosion phenom ena. Passivity appeared to 
have been compromised at 7104 seconds. The coating prod uced with the coarse ( 53/+30 m) 
powder and the melt-spun ribbon both maintained exceptional passivity during the entire test. I n 
summary, the passive film  on the melt spun ribbon and HVOF coatings of SAM2X5 was m ore 
stable than  that on  wro ught nick el-based Alloy C-22 under these con ditions, lead ing to the 
conclusion that this iron-based amorphous metal has superior corrosion resistance. 

Standard Test Solutions Used for Immersion Testing 

 In addition of natural seawater and 3. 5-molal sodium  chloride solutions, several 
standardized tes t so lutions have been develop ed based  upon  the well J-13 water co mposition 
determined by Harrar et al. [29]. Re levant test environments are assum ed to include sim ulated 
dilute water (SDW), simulated concentrated water (SCW), and simulated acidic water (SAW) at 
30, 60, and 90C.  The compositions of all of the test solutions derived from well J-13 water are 
given in T able 2. The com positions of these te st media are based upon th e work of Gdowski et 
al. [30-33]. In general, anions such as chloride promote localized corrosion, whereas other anions 
such as nitrate tend to act as corro sion inhibitors.  Thus, there is a very com plex synergism of 
corrosion effects in the test media. 
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Figure 10 – Transients in current density at a constant applied potential of 900 mV verses OCP 
for wrought Alloy C-22 (reference material), a fully dense and completely amorphous melt spun 
ribbon (MSR) of SAM2X5, HVOF coatings produced with 53/+30 micron powders of SAM2X5, 
and HVOF coatings produced with 30/+15 micron powders of SAM2X5, all in natural seawater 
heated to 90C, are compared [Farmer et al. 2006]. 
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Figure 11 – Transients in current density at a constant applied potential of 1100 mV verses OCP 
for wrought Alloy C-22 (reference material), a fully dense and completely amorphous melt spun 
ribbon (MSR) of SAM2X5, HVOF coatings produced with 53/+30 micron powders of SAM2X5, 
and HVOF coatings produced with 30/+15 micron powders of SAM2X5, all in natural seawater 
heated to 90C, are compared [Farmer et al. 2006]. 



 15

 

Table 2 – Standard test solutions based upon well J-13 water [Gdowski et al. 1997] 

Ion SDW SCW SAW
  (mg/L-1) (m g/L-1) (mg/L-1)
K+1 34 3,400 3,400
Na+1 409 40,900 40,900
Mg+2 1 1 1,000
Ca+2 1 1 1,000
F-1 14 1,400 0
Cl-1 67 6,700 6,700
NO3

-1 64 6,400 6,400
SO4

-2 167 16,700 16,700
HCO3

-1 947 70,000 0
Si (60C) 27 27 27
Si (90C) 49 49 49
pH 8.1 8.1 2.7

Corrosion Rate Determination During Immersion Testing 

The linear polarization method was used as a method for determining the corrosion rates 
of the various a morphous m etal coatings. The pr ocedure used for linear polarization testing 
consisted of the following steps: (1) holding th e sam ple for ten seconds at the OCP; (2)  
beginning at a potential 20 mV below the OCP, increasing the potential linearly at a constant rate 
of 0.1667 mV per second to a pot ential 20 mV above the OCP; (3 ) recording the current being 
passed from the counter electrode to the working el ectrode as a function of potential relative to a 
standard Ag/AgCl reference electrode; and (4) determ ining the parameters in the cathodic Tafel  
line by performing linear regression on the voltage-c urrent data, from 10 mV below the OCP, t o 
10 mV above the OCP. The slope of this line was the polarization resistance, Rp (ohms), and was 
defined in the published literature [33].  
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      (3) 

A parameter (B) was defined in terms of the anodic and cathodic slopes of the Tafel lines: 
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Values of B were published for a variety of iron-based alloys, and varied slightly from one alloy-
environment combination to another [33]. Values for carbon steel, as well as Type 304, 304L and 
430 stainless steels, in a variet y of electrolytes which include seawater, sodium  c hloride, and 
sulfuric acid, ranged from 19 to  25 mV. A value for nickel-based Alloy  600 in lithiated water at 
288C was given as approximately 24 mV. While no values have yet been developed for the Fe-
based am orphous m etals that are the subject of this investigation, it was believed that a 
conservative representative value of approximately 25 mV was appropriate for the conversion of  



 16

polarization resistance to corrosion current. Given the value for Alloy 600, a value of 25 mV was 
also believed to be acceptable fo r converting the polariz ation resistance for nickel-based Alloy 
C-22 to corrosion current. The corrosion current density, icorr (A cm -2), was defined in term s of 
the Tafel parameter (B), the polarization resistance (Rp), and the actual electrode area (A): 

AR

B
i

p
corr 

       (5) 

The corrosion (or penetration) rates of the amorphous alloy and reference m aterials were 
calculated from the corrosion current densities with the following formula: 

Fn

i

dt

dp

alloyalloy

corr


      (6) 

where p was the penetration depth, t was time, icorr was the corrosion current density, alloy was 
the density of the alloy (g cm-3), nalloy was the number of gram equivalents per gram of alloy, and 
F was Faraday’s constant.  The value of nalloy was calculated with the following formula:  
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where fj was the m ass fraction of the j th alloying element in the m aterial, nj was the num ber of 
electrons involved in the anodic dissolution process, which was assumed to be congruent, and aj 
was the atom ic weight of the j th alloying elem ent.  Congruent dissolution was assum ed, which 
meant that the dissolution rate of  a given alloy elem ent was propor tional to its concentration in 
the bulk alloy. These equations were used to calculate factors for the conversion of corrosion 
current density to the penetration rate (corrosion rate). 

Corrosion rates and open-circuit corrosion potentials of HVOF SAM2X5 and SAM 1651 
coatings were dete rmined in situ during long -term im mersion tes ting in severa l relev ant 
environments and are reported here. Since these as-sprayed sam ples were very rough, an 
estimated roughness factor of 3.36 was used to c onvert apparent surface area to actual su rface 
area. Figures 12 and 13 show OCP values and corrosion rates for amorphous SAM2X5 (Lot #06-
015) and SAM1651 coatings in seawater, 3.5-mo lal NaCl solutions, and synthetic bicarbonate 
brines (SDW, SCW and SAW ). Based upon the corro sion rates of SAM2X5 coatings, solutions 
are ranked  from  least- to m ost-aggressive: SD W at 90 C; 3.5-m olal NaCl with 0.525-m olal 
KNO3 solution at 90C; seawater at 90C; 3.5-molal NaCl solution at 30C; SCW at 90C; SAW 
at 90 C; and 3.5-m olal NaCl solution at 90 C. The ranking for SAM1651 coatings is slightly 
different. Exam ples of the corrosive attack  of both SAM2X5 and SAM1651 HVOF coatings 
after long-term immersion in seawater, 3.5 m  NaCl with 0.625 m  KNO3, SDW and SAW, all at 
90C, are shown in Figure 14. The sam ples shown in this figure are the coated rods used for 
long-term OCP and linear polarization measurements. 

Based upon corrosion rate data, as well at vi sual differences, it is concluded that 
SAM1651 may perform slightly better than SAM2X5 in some environments, such as seawater at 
90C (Figures 14a and 14b). The S AM1651 showed the formation of slight superficial red iron 
oxide in some solutions at elevated temperature (Figure 14h). 
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Figure 12 – Comparison of open-circuit potential (OCP) values for as-sprayed SAM2X5 and 
SAM1651 coatings [Farmer et al. 2007]. 
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Figure 13 – Corrosion rate values for as-sprayed SAM2X5 and SAM1651 coatings determined 
with linear polarization: (a) estimated roughness factor of approximately 3.36 assumed to 
account for the as-sprayed surface; and (b) no roughness factor assumed [Farmer et al 2007]. 
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 (a)  (b) 

 (c)  (d) 

 (e)  (f) 

 (g)  (h) 

Figure 14 – Examples of corrosive attack after long-term immersion exposure of: (a) SAM2X5 
and (b) SAM1651 to natural seawater 90C; (c) SAM2X5 and (d) SAM1651 to 3.5m NaCl + 
0.625m KNO3 at 90C; (e) SAM2X5 and (f) SAM1651 to SDW at 90C; and (g) SAM2X5 and (h) 
SAM1651 to SAW at 90C. Long-term immersions were 134 and 112 days for SAM2X5 and 
SAM1651, respectively. 
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 Corrosion o f these coa tings appea rs to  be su perficial, w ith no d etectable cor rosion 
penetrating to the  subs trate. This  is illust rated with the s canning electron m icrographs and 
elemental maps of a coating on a planar substrat e, after imm ersion in seawater at 90C for 112 
days. Images of the cross-section are shown in Figures 15 and 16. 
 

 (a)  (b) 

Figure 15 – Metallographic cross-sections of slightly corroded region of SAM1651 (V5793) 
coated on C22 after approximately 112 days (16 weeks) at open circuit in 90°C seawater: (a) 
back-scattered electron image; (b) secondary electron image. 

Fe

Si

Ni

O

Cr

Mg

Mo
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Figure 16 – Metallographic cross-sections of slightly corroded region of SAM1651 (V5793) 
coated on C22 after approximately 112 days (16 weeks) at open circuit in 90°C seawater: 
elemental mapping of Fe, Ni, Y, Mg, O, Cr, Mo and Si with energy dispersive spectroscopy 
(EDS). 
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Formulations Exist with Potentially Better Corrosion Resistance 

Other amorphous alloys may be more corrosion resistant than the SAM1651 and 
SAM2X5 discussed here. In addition to synthesizing these alloys, melt-spun ribbon (MSR) 
samples of Fe43Cr16Mo16B5C10P10 (SAM6) were also prepared [6]. As shown in Figure 16, while 
MSR samples of Alloy 22 were completed dissolved in hydrochloric acid after several-days 
exposure (left), MSR samples with SAM6 composition did not dissolve (right). 

 

  
 

Figure 17 – Alloy C-22 dissolved in concentrated HCl (left), while a melt-spun ribbon of SAM6 
remained intact for an exposure lasting several months (right). Extreme corrosion resistance is 
possible with iron-based amorphous metals [Farmer et al. 2007]. 

Salt Fog Testing 

Salt fog tests were conducted acco rding to the standard General Mo tors (GM) salt fog 
test, identified as GM9540P. The pr otocol for this test is summ arized in Table 3. The salt 
solution m ists (deno ted with asterisks) consis ted of 1.25% solution c ontaining 0.9% sodium 
chloride, 0.1% calcium  chloride, and 0.25% s odium bicarbonate. The four reference sam ples 
included Type 316L stainless steel,  nickel-based Alloy C-22, Ti Grade 7, and the 50:50 nickel-
chromium binary. 

Salt fog tests were conducted acco rding to the standard General Mo tors (GM) salt fog 
test, identified as GM9540P, or an  abbreviation of that test [ 34]. Therm al-spray coatings of 
SAM2X5 and SAM1651 coatings were tested, with  1018 steel serving as c ontrol samples. After 
eight cycles in this salt-f og test, SAM2X5 and SAM1651 coatings on flat pl ates and a half-scale 
spent nuclear fuel (SNF) prototyp ical con tainer proved to be corrosion resistant, whereas the 
steel reference samples underwent aggressive attack. 
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Table 3 – A description of the standard GM9540P Salt Fog Test is summarized here. Note that 
the salt solution mists consisted of 1.25% solution containing 0.9% sodium chloride, 0.1% 
calcium chloride, and 0.25% sodium bicarbonate [Aprigliano et al. 2006] 

24-Hour Test Cycle for GM9540P Accelerated Corrosion Test 

Shift Elapsed 
Time (hrs) Event 

Ambient 
Soak 

0 Salt solution mist for 30 seconds, followed by ambient exposure at 13-
28°C (55-82°F) 

1.5 Salt solution mist for 30 seconds, followed by ambient exposure at 13-
28°C (55-82°F) 

3 Salt solution mist for 30 seconds, followed by ambient exposure at 13-
28°C (55-82°F) 

4.5 Salt solution mist for 30 seconds, followed by ambient exposure at 13-
28°C (55-82°F) 

Wet 
Soak 8 to 16 High humidity exposure for 8 hours at 49 ± 0.5°C (120 ± 1°F) and 

100% RH, including a 55-minute ramp to wet conditions 
Dry 
Soak 16 to 24 Elevated dry exposure for 8 hours at 60 ± 0.5°C (140 ± 1°F) and less 

than 30% RH, including a 175-minute ramp to dry conditions 
 

Photographs of samples after eight full cycles in the GM salt-fog test described in Table 4 
are shown in Figure 17. These sam ples are: (a) 1018 carbon steel reference specim ens [Samples 
# A14]; (b) HVOF coating of SAM2X5 on Type 316L  stainless steel substrate [Sam ple # 316L-
W9], HVOF coating of SAM2X5 on nickel-b ased Alloy C-22 substrate [Sa mple # C22- W21], 
and HVOF coating of SAM2X5 on ha lf-scale spent nuclear  fuel (SNF) container m ade of Type  
316L stainless steel, all after 8 fu ll cycles in GM salt fog test. Cl early, the thermal-spay coatings 
of SAM2X5 have good resistance to  corrosive attack in such environm ents. Similar testing wad 
done with a half-scale SNF container coated with SAM1651. This SA M1651-coated cylinder, 
after salt fog testing, is shown in Figure 18.  Some running rust was observed on one bottom  of 
the container, which may have been due to surface preparation prior to coating. 

  

 (a)  (b)  (c)  (d) 
 

Figure 18 – Photographs of three samples after eight full cycles in the GM salt-fog test: (a) 1018 
carbon steel reference sample; (b) SAM2X5 Lot # 06-015 on 316L plate; (c) SAM2X5 Lot # 06-
015 on Alloy C-22 plate; and (d) SAM2X5 Lot #0-6-015 on 316L half-scale SNF container.   
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 (a) 
 

 (b)  (c)   (d) 
 

Figure 19 – Effect of GM9540P salt-fog test on: (a) 1018 steel reference samples; (b-d) HVOF 
coating of SAM1651 amorphous metal on half-scale SNF prototypical container (bottom)  

Damage Tolerance 

 Figure 19a shows the non-destructive ultras onic m easurement of plate M17S1 before 
impact testing.  The corner surface in the uppe r right of the plate wa s intentionally ground down 
to the level of the Alloy 22 subs trate to reveal the am ount of energy reflected by a com pletely 
un-bonded coating.  This particular  plate appeared to have more  variability as observed by the 
slight color difference at the bottom  right and upper right.  The edges (~1/4”) of the plate should 
be ignored since a focused transducer was used which is affected by edges of the substrate.  Also 
the sign al r esults in this f igure hav e been m irrored appropriately so th at the positions of the 
impacts can  be id entified in the associated op tical photog raph.  This is requ ired b ecause the  
ultrasound measurements are taken from the back of the plate. 
 Figures 19b and 19c show plat e M17S3 after impact testing with the range of conditions 
given in Table 5. The slight yellow lines reflec t cracks obs erved in some cases on the surface.  
The large areas with colors above red and yellow on the scale are regions where greater reflected 
energy is ob served at th e interface.  A transitio n to greater reflected en ergy at the interface for 
the impacts on the  left hand side of the plate is o bserved. The larger regions of higher reflected 
energy around the im pacts appears to be consis tent with the before impact Ultrasonic non-
destructive evaluation (NDE) measurements. Note that the edges (~1/4”) of the plate should be 
ignored since a focused transducer  was used which is affected by edges of the substrate.  Also 
the sign al r esults in this f igure hav e been m irrored appropriately so th at the positions of the 
impacts can be identified in the associated o ptical photo graph. This is required  because th e 
ultrasound measurements are taken from the back of the plate.  
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Table 4 – Impact velocities used during drop-tower testing of Alloy C-22 plates coated with 
SAM2X5 powder (Lot # 05-079) [Haslam et al. 2006] 

Impact 
No. 

Insert 
Diameter 

Impact 
Velocity 

Drop 
Weight 

Maximum 
Load 

Total 
Energy 

 (cm ) (m sec-1) (kg) (N) (J) 
1 1.27 3.04 7.12 38,088 32 
2 1.27 3.04 7.12 37,808 32 
3 1.27 3.03 7.12 42,087 31 
4 1.27 5.83 7.05 89,609 103 
5 1.27 5.84 7.05 89,939 104 
6 1.27 5.88 7.05 91,482 106 
7 1.27 9.06 7.05 140,948 249 
8 1.27 9.04 7.05 136,643 248 
9 1.27 9.02 7.05 146,877 248 
10 1.27 12.98 7.05 191,264 389 
12 1.27 13.15 7.08 186,816 420 
13 1.27 6.00 12.09 134,801 195 
14 1.27 6.00 12.09 133,071 197 
15 2.54 5.82 7.24 87,554 115 
16 2.54 5.86 7.24 91,798 115 

 
 

 (a)  (b)  (c) 
 

Figure 20. Images of SAM2X5-coated plates subjected to drop-tower testing at LLNL: (a) 
ultrasonic non-destructive evaluation prior to impact; (b) photographs showing visible damage 
of after impact at various impact velocities; (c) ultrasonic non-destructive evaluation showing 
damage underneath coating at various impact velocities [Haslam et al. 2006]. 
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Neutron Absorption 

The high boron content of Fe49.7Cr17.7Mn1.9Mo7.4W1.6B15.2C3.8Si2.4 (SAM2X5) makes it an 
effective neutron absorber, and suitable for cri ticality control applications. Average m easured 
values of the neutron absorption cross section in transmission (t) for Type 316L stainless steel, 
Alloy C-22, borated stainless stee l, a Ni-Cr-Mo -Gd alloy, and SAM2X5 were determ ined to be 
approximately 1.1, 1.3, 2.3, 3.8 and 7.1, resp ectively [22]. Data are sh own in Figure 21. This 
material and its parent alloy have been shown to maintain corrosion res istance up to the g lass 
transition temperature, and to rem ain in th e am orphous state after r eceiving relatively high  
neutron dose. 
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Figure 21 – Average measured values of the neutron absorption cross section in transmission 
(t) for Type 316L stainless steel, Alloy C-22, borated stainless steel, a Ni-Cr-Mo-Gd alloy, and 
SAM2X5. 
 
 Materials u sed in cr iticality contr ol appl ications m ust be relatively stable during 
irradiation with therm al neutrons. Melt-spun ribbon sa mples of various iron-based a morphous 
metals were subjected to high neutron  dose in the 1.5 MW TRIGA reactor at McClellan Nuclear 
Radiation Center (MNRC) [22] . The neutron flux was 1.6×10 10 n cm -2 sec -1. Sam ples were 
irradiated for th ree d ifferent tim es: duration of 1 st irradiation was 44 mi nutes; duration of 2 nd 
irradiation was 132 minutes; and duration of 3 rd irradiation was 263 m inutes. The corresponding 
neutron doses were: 4.3×10 13 n cm -2, 1.3×10 14 n cm -2 sec -1 and 2.6×10 14 n cm -2, respectively. 
These doses are equivalent to approximately 670, 2000 and 4000 years inside the waste packages 
designed fo r em placement at Yucca Moun tain. As shown in Figure 21,  an exposure 
corresponding to a 4000-year se rvice life does not cause any detectable, deleterious phase 
transformations. The neutron exposure is summarized in Table 7. 
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SAM2X7

SAM2X1

SAM2X5

SAM2X3

 
Figure 22 – XRD of high-boron iron-based SAM2X-series of amorphous-metal alloys after 3rd 
irradiation at MNRC. 

Possible Applications 

SAM2X5 may have beneficial for applications such as the safe long-term storage of spent 
nuclear fuel [34-36]. These materials have exceptional neutron absorption characteristics, and are 
stable at h igh dose. The absorp tion cross sec tion in transm ission for therm al neutrons for 
SAM2X5 coatings is three to four times (3 to 4) greater than that of bor ated stainless steel, and 
twice (2) as good as nickel-based Alloy C-4 with a dditions of Gd (Ni-C r-Mo-Gd) [22]. It may 
be possible to achieve substantia l cost savings by substituting th ese new Fe-based m aterials for 
more expensive Ni-Cr-Mo and Ni-Cr-Mo-Gd  a lloys. Therm al spray coatings o f Fe-based 
amorphous metals are predicted to cost  $7 per pound, whereas plates of Ni-Cr-Mo are expected 
to cost  $37 per pound, based upon actua l purchase costs of Alloy C- 22, without additions of 
gadolinium. 

Simulations and design calculations at LLNL s how that k-effective can be lowered by at 
least ten pe rcent (10 %)  with the ap plication of 1-millimeter thick co ating of SAM2X5 to SNF 
support structure (basket) in 21-PWR container [22]. Even be tter perform ance is possible 
through the use of enriched boron for the synthe sis of the Fe-based amorphous m etal. The Fe-
based amorphous metals have already been produced in multi-ton quantities and should cost less 
than $10 per pound, while relative ly few (three-or-four) 300-pound heats have been m ade of the 
Ni-Gd Material, which may cost nearly $40 per pound. 

The hardness values for Type 316L stainle ss steel, nickel-based Alloy C-22, and HVOF  
SAM2X5 are 150, 250 and 1100-1300 VHN, r espectively. These m aterials are extremely hard 
and provide enhanced resistance to abrasion and gouges. In fact, successful tests have been 
conducted for applications as disk cutters for the tunnel boring machines. 
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There were 583,000 bridges in the United Stat es in 1998. Of this total, 200,000 bridges 
were steel, 235,000 were conventional reinforced  concrete, 108,000 bridge s were constructed 
using pre-stressed concrete, and the balance was made using other materials of c onstruction. 
Approximately 15 percent of the b ridges acco unted for at this  point in tim e were stru cturally 
deficient, primarily due to corrosion of steel an d steel reinforcem ent. The annual direct cost of 
corrosion for highway bridges was estim ated at $8. 3 billion to replace structurally deficient 
bridges over a 10-year period of time, $2 billion for maintenance and cost of capital for concrete 
bridge decks, $2 billion for m aintenance and cost of capital for concrete substructures, and $0.5 
billion for maintenance of painting of steel bridges. Life-cycle analysis estimates indirect costs to 
the user due to traffic delays and lost productiv ity at m ore than 10 tim es the direct cost of 
corrosion maintenance, repair and rehabilitation [37]. It is believed th at iron-based am orphous 
metal coatings may be able to  substantia lly enhance the corrosion resistance s teel bridges, and 
steel reinforcements in concrete structures. 

Conclusions 

 
Early Fe-based am orphous metal coatings ha d very poor corrosion resistance and failed 

salt-fog tests. New Fe-based am orphous-metal al loys and therm al-spray coatings based upon 
these alloys have been developed with good corr osion resistance, high hardness, and exceptional 
neutron absorption cross sections. More than f orty high-performance Fe-based amorphous alloys 
were systematically designed and synthesized. Cr , Mo and W were added to enhance corrosion 
resistance; Y was added to lower  the critical cooling rate; and B was added to r ender the alloy 
amorphous and to enhance capture thermal neutrons. Enriched boron could be used for enhanced 
absorption of thermal neutrons. Phase stability has been demonstrated well above 500-600C and 
at high neutron dose (equivalent to 4000 year s inside Yucca Mountain con tainer). W ith 
additional development, it may be possible to use th ese materials to achieve cost benefits for the 
fabrication of next-generation spent nuclear fuel containers , and  basket assemblies with  
enhanced c riticality s afety. Multi- ton quantities of  gas-atom ized SAM2X5 and SAM1651 
powder have been produced and applied as pr otective coatings on num erous prototypes and 
parts. These new m aterials are now under eval uation f or several app lications of national 
importance, ranging from defense to infrastructure. 
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